to evaluate this germplasm for genotypic variation in lint yield and fi ber quality. Two hundred germplasm lines and fi ve cultivars were planted at two locations in 2006 and one location in 2007. Signifi cant (P ≤ 0.001) genotypic variation for yield and fi ber quality was identifi ed. In path coeffi cient analysis, bolls per square meter had the largest direct effect on lint yield, while boll weight and lint percentage had secondary direct effects on yield. Lint yield was negatively associated with fi ber quality. Lint per seed was favorably correlated with lint percentage, elongation, span lengths, and fi neness. Based on stepwise analysis, 50% length, short fi ber content, fi neness, maturity ratio, and 2.5% length contributed to strength, in decreasing order of signifi cance. Short fi ber content was negatively correlated with fi neness (r = -0.41). These results indicate that this germplasm is a useful genetic resource for genetic improvement of lint yield, fi ber quality, and analysis of interrelationships between lint yield and fi ber quality. diversity in upland cotton is limited (Bowman et al., 1996) . The narrowed genetic base in commercial cultivars of G. hirsutum was caused by a limited number of parents involved in crosses during development of cultivars and breeding practices for high yield and early maturity (May et al., 1995; May, 1999) . The limited diversity in commercial cultivars of G. barbadense was related to genetic narrowness of germplasm used for the development of modern pima cultivars as reviewed by Percy et al. (2006) . Therefore, broadening the genetic base will be essential for genetic improvement of cultivars in U.S. cotton.
Exploration of exotic germplasm and introgression of novel genes from exotic germplasm into cultivars off er an attractive approach for broadening the genetic base in cotton. The contribution of exotic genes in the common cultivars is limited. Although most successful cultivars have some exotic germplasm background, the number of exotic germplasm lines introgressed into successful cultivars is small owing to poor adaptability of exotic germplasm to environments and lack of appropriate evaluation for the existing germplasm resources (McCarty et al., 1996; . Hybrid incompatibility and segregation distortion in interspecifi c cotton hybridization populations also limited the successful use of introgression between species as reviewed by Percy et al. (2006) . The exploration of regionally adapted germplasm derived from wide crosses and populations with stabilized genetic makeups after a long term of introgression and selfi ng may be realistic for improving interspecifi c introgression.
Lint yield can be determined by several yield components such as bolls per square meter, seeds per boll, and lint per seed (Worley et al., 1974; Coyle and Smith, 1997) . Lint yield can also be determined by seed cotton yield per square meter and lint percentage. Lint percentage is a critical factor for maintaining high lint yield and can be determined by seeds per boll, lint per seed, and boll weight (Culp and Harrell, 1975) . Lint per seed can be further determined by fi bers per seed, mean length of fi ber, and mean weight per unit length of fi ber (Worley et al., 1974) . In summary, lint yield can be determined by several important yield components such as bolls per unit area, lint percentage, boll weight, seeds per boll, and lint per seed. Among these yield components, bolls per square meter and lint percentage are the most important components related to lint yield. In an early report, bolls per square meter contributed 85% (r 2 ) of variation to lint yield (Worley et al., 1976) , while in another report lint percentage contributed 70 to 90% of variation to lint yield (Meredith, 1984) .
Past eff orts in cotton breeding to break the negative association between lint yield and fi ber quality have not been very successful. Understanding the interrelationships between lint yield and fi ber properties can help us understand the underlying genetic mechanisms for favorable or unfavorable associations among fi ber traits and can improve breeding eff orts for genetic improvement of both lint yield and fi ber quality. The earliest related studies can be traced back to the middle of the last century when negative association between lint yield and fi ber quality was reported (Miller and Rawlings, 1967; Meredith and Bridge, 1971) . A number of studies on interrelationships between lint yield and fi ber quality were reported in the following decades (Stewart and Kerr, 1974; Culp and Harrell, 1975; Meredith, 1984; McCarty et al., 1996; Smith and Coyle, 1997; Percy et al., 2006) . Summarizing these results, lint yield was negatively correlated with fi ber strength while positively correlated with micronaire and elongation. The relationship between lint yield and fi ber length was more inconsistent among studies than that between yield and strength. A negative correlation (r = -0.47) between lint yield and fi ber length was identifi ed in a study by Meredith and Bridge (1971) , while nonsignifi cant correlation (r = 0.02) was identifi ed in another study by Miller and Rawlings (1967) . Nonsignifi cant correlations, r = 0.06 for lint yield vs. 50% length and r = -0.08 for lint yield vs. 2.5% length, were reported in a recent study by Percy et al. (2006) . This phenomenon was explained by the confounding relationships between fi ber length and diff erent yield components (Zeng et al., 2007) . In contrast to lint yield, lint percentage was more consistent for its correlations with fi ber length. Correlation of lint percentage with fi ber length was -0.13 in the study by Miller and Rawlings (1967) , -0.30 and -0.44 with 50% span length (50% length) and 2.5% span length (2.5% length), respectively, in another study by Percy et al. (2006) , and -0.22 for both 50% length and 2.5% length in a recent study by Zeng et al. (2007) . Relationships between lint yield and other fi ber properties, especially short fi ber content, were rarely reported.
This study was designed to evaluate a regionally adapted germplasm population for genotypic variation in lint yield and fi ber quality. This population underwent multiple rounds of introgression between G. hirsutum and G. bardadense and selfi ng. The exploration of this germplasm will provide information about its usefulness in cotton breeding. The study was also designed to analyze genotypic correlations among yield, yield components, and fi ber properties in this exotic germplasm population. It is expected that the results of genotypic correlations will help unravel interrelationships among the fi ber traits and help us understand the genetic mechanisms underlying favorable or unfavorable correlations.
MATERIALS AND METHODS
An exotic germplasm population was obtained from John Cotton (USDA-ARS at Las Cruces, NM). This germplasm was designated as JC, for the originator, John Cotton. This population was developed from multiple crosses between G. barbadense yield was calculated from seed cotton weight per plot and lint percentage, and further converted to kilograms per hectare for each line. Boll number per unit area was calculated from seed cotton weight per plot and boll weight and further converted to bolls per square meter. Twenty grams of lint for each sample were submitted to StarLab (Knoxville, TN) for analysis of fi ber quality. Fiber strength was measured by a stelometer as the force required for breaking a bundle of fi bers. Elongation was the percentage of elongation at the point of break in strength determination. Fiber span lengths were measured as mean length of the longest 50% or 2.5% of the fi bers scanned. Micronaire was measured in micronaire units using the Fibronaire instrument (Motion Control, Inc., Dallas, TX). Fibers were also analyzed for mean short fi ber content, fi neness, and maturity ratio using the Advanced Fiber Information System (AFIS). Short fi ber content was measured as the percentage by weight of the fi bers that were less than 12.7 mm. Fineness was measured as the weight per unit of length, where smaller values indicate a higher degree of fi neness in fi bers and larger values indicate a higher degree of coarseness in fi bers. Maturity ratio was measured as the proportion of mature fi bers to immature fi bers. The higher number in this reading indicates higher maturity of fi bers.
Analysis of variance was conducted using the GLM procedure of the Statistical Analysis System (SAS Institute, 2004) . A mixed model was used with genotype as fi xed eff ect and environment, genotype × environment, and replication within environments as random eff ects. Means and ranges of the traits were calculated across environments for JC lines and check cultivars. Means of the 200 JC lines were compared with the means of the 5 cultivars in t test comparisons. The mean square error terms in the JC population (df = 597) and cultivars (df = 36) were used as variances in the t tests. Mean separation among the selected JC lines and the fi ve checks was conducted using the least signifi cant diff erence (LSD) test. The contributions of fi ber properties (independent variables) to fi ber bundle strength (dependent variable) were analyzed using stepwise regression. Stepwise analysis was conducted using Proc Stepwise in SAS procedures. Independent variables were added to the regression model one at a time until all signifi cant (P < 0.05) variables were added. The variables with the largest F values for regression were the fi rst to be added to the model. The next variables were added to the model at P = 0.05.
Genotypic correlations and their standard errors were estimated by conducting multivariate restricted maximum likelihood (REML) analysis with Proc MIXED of SAS system as described by Holland (2006) . SAS codes as illustrated in Appendix A of that method were used. The factors of year and location were combined as a factor of environment during analysis as described above. Path coeffi cients of yield components to lint yield were analyzed using genotypic correlation coeffi cients. The path analysis was conducted by estimation of direct and indirect eff ects of each component using the method described by Dewey and Lu (1959) .
RESULTS AND DISCUSSION
Evaluation of exotic germplasms derived from interspecifi c crosses between G. hirsutum and G. barbadense can identify and Acala 1517-type cultivars. The exact parents and crossing pattern were unknown. However, it was known that natural pollinations were allowed among parental plants and their hybrid progenies in a fi eld at Las Cruces. Since the 1970s, the population underwent long-term introgression. A subpopulation of this germplasm was transferred to Stoneville, MS, in the 1990s and was grown under a predominant self-pollinating environment. The subpopulation was maintained and advanced by harvesting one boll from each plant and bulking the harvested bolls for planting the next generation. At harvest in 2006, 30 bolls from each plot were sampled by hand. Remaining bolls from each plot were also collected by hand to measure yield. At harvest in 2007, 50 bolls from each plot were sampled by hand. Remaining bolls from each plot were harvested by a mechanical picker for yield measurements. Samples from individual plots were ginned separately using a laboratory saw gin. Seed weight and lint weight from the boll sample of each plot were measured and recorded. The total seed cotton weight of each plot was the sum of seed cotton weight of the sampled bolls and the remaining bolls in that plot. Each boll sample was used to determine yield components: lint percentage, boll weight, lint per seed, and seeds per boll. Lint genotypes with diff erent agronomic performance and fi ber properties. In this evaluation of the JC germplasm, genotypic eff ects were highly signifi cant (P ≤ 0.001) for yield, yield components, and all fi ber properties in the 200 JC lines (Tables 1 and 2 ). Lint yield was signifi cantly (P ≤ 0.001) diff erent among environments while genotype × environment interaction was not signifi cant (P ≤ 0.05) for lint yield (Table 1) . Although most yield components were significantly diff erent among environments, signifi cant genotype × environment interaction was identifi ed only for lint percentage and seed weight ( Table 1) . Interactions of genotype × environment were signifi cant (P ≤ 0.01 or 0.001) for strength, fi neness, and maturity ratio but not signifi cant for the remaining properties (Table 2 ). Signifi cant interactions between genotype and environment indicate genotypes in the JC germplasm performed diff erently across environments. However, the diff erences between environments were small relative to the diff erences among genotypes. These results were in agreement with previous reports in which small genotype × environment interactions relative to genotypic components for fi ber properties were observed (Bridge et al., 1969; Murray and Verhalen, 1970; Percy et al., 2006) . Small genotype × location interactions for yield, yield components, and fi ber properties were also identifi ed in our previous evaluation of the species polycross (SP) germplasm derived from multiple crosses among fi ve tetraploid species in Gossypium (Zeng et al., 2007) . These results indicate that general adaptability of the traits should be emphasized in the development of cultivars when JC germplasm is used as a genetic resource.
Negative association between lint yield and fi ber quality was reported in earlier studies (Miller and Rawlings, 1967; Meredith and Bridge, 1971) . Performance of the checks for lint yield and fi ber quality in the current study was no exception to the negative association observed in previous studies (Tables 3 and 4) . Lint yield of DP555BR was 1570 kg ha −1 , the highest among the checks (Table 3) , while its strength was 211 kN m kg −1 , the lowest among the checks (Table 4) , among the lines (Table 3) . Several JC lines were identifi ed with moderate lint yield and exceptional fi ber properties (Tables 3 and  4) . Although lint yield of JC 14 was only 669 kg ha −1 , its fi ber properties were exceptional, in other words, 300 kN m kg −1 strength, 14.8 mm and 29.5 mm for 50% length and 2.5% length, respectively, 3.2% short fi ber content, and 163 mg km −1 fi neness with 0.99 maturity ratio. Lint yield of JC32 was similar to that of PHY72, while its fi ber properties, 4.08 micronaire, 8.5% elongation, 4.1% short fi ber content, and 165 mg km −1 fi neness, were superior to those of PHY72. Results indicate that JC germplasm is a useful genetic resource for genetic improvement of lint yield and fi ber quality in upland cotton. Bundle strength is the most important fi ber property for yarn strength and directly relates to yarn performance (May, 1999) . The relative signifi cance of diff erent fi ber properties for bundle strength was analyzed by stepwise regression. Because some fi ber properties were correlated, the usefulness of the stepwise regression in this study was limited to a "descriptive tool" (Steel et al., 1997) for the relative signifi cance among the properties for strength. However, results showed that 50% length, short fi ber content, fi neness, maturity ratio, and 2.5% length contributed, in decreasing order, to variation of bundle strength (Table 5) . Micronaire and elongation were not signifi cant contributors to strength in this evaluation. Micronaire is an indicator of fi neness and maturity. The relationship between strength and micronaire would be complicated, since strength was negatively correlated with fi neness (r = -0.38) and positively correlated with maturity ratio (r = 0.14) ( Table 6 ). For this reason, this property was not included in the correlation matrix. The genotypic correlation between strength and 50% length was 0.68, while that between strength and 2.5% length was 0.15 (Table 6 ). The relationships between strength and span lengths were consistent with a previous study of 24 commercial cultivars and strains selected from the Western, the Plains, the Delta, and the Southeast cotton-growing regions in the United States (Meredith, 1992) . In that study, the phenotypic correlation between bundle strength and 50% length was 0.79, while that between bundle strength and 2.5% length was 0.45. It appeared that the high correlation of 50% length to bundle strength was attributed to its favorable association with short fi ber content, the second most important property contributing to strength (Table 5 ). Short fi ber content was negatively correlated with 50% length (r = -0.40) but positively correlated with 2.5% length (r = 0.34) ( Table 6 ).
Fineness is an important fi ber property directly contributing to yarn performance. The low and high measurements of this property with known maturity indicate fi ne and coarse fi bers, respectively. The negative correlation (unfavorable) between short fi ber *Signifi cant at P ≤ 0.05. † MIC, micronaire; EL, elongation; T1, strength; 50% length, 50% span length; 2.5% length, 2.5% span length; SFCw, short fi ber content; FN, fi neness; MR, maturity ratio. ‡ Multiple comparisons were made among the 10 selected JC lines and the 5 cultivars. § t tests were made between the averages of the 200 JC lines and the averages of the 5 cultivars.
content and fi neness (r = -0.41) (Table 6) can be explained by either unfavorable linkage of genes controlling these two traits or confounding relationships with other traits. Maturity ratio was negatively correlated with short fi ber content (r = -0.77) and positively correlated with fi neness (r = 0.81). This suggests that when fi bers were more mature, short fi ber content became less and fi bers became coarser. Therefore, the negative correlation between short fi ber content and fi neness does not necessarily mean a tight linkage of genes for these two traits as an underlying genetic mechanism for the undesirable relationship. Excellence in both short fi ber content and fi neness, with high maturity ratio identifi ed in JC14 and JC32, provides evidence that short fi ber content and fi neness can be simultaneously improved in JC germplasm. The results also suggest that all three properties, short fi ber content, fi neness, and maturity ratio, must be considered during selection for the genetic improvement of fi ber properties. Because heritability of most yield components is usually higher than that of lint yield (Meredith, 1984) , selection for individual yield components may be more eff ective than selection of lint yield for genetic improvement. Results of path coeffi cient analysis indicated that bolls per square meter had the largest positive direct eff ect on lint yield (Table 7) . This result is consistent with an early report that bolls per square meter contributed 85% (r 2 ) of the total lint yield variation (Worley et al., 1976) . Because plant density was not recorded in the experiments, the yield component of bolls per plant was not available in the current study. Prediction of bolls per square meter using other components may not be appropriate because all of the yield components analyzed accounted for just 22% of variation in bolls per square meter (data not shown). Boll weight and lint percentage were next-important components, with direct eff ects of 0.34 and 0.25, respectively, on lint yield (Table 7) . Direct eff ects of seed weight and lint per seed on lint yield were negligible. For genetic improvement of lint yield, lint percentage is always one of the top priorities in cotton breeding. Genotypic correlations of lint per seed vs. lint percentage and seed weight vs. lint percentage are 0.43 and -0.76, respectively (Table 6 ). The same negative correlation between lint percentage and seed weight (r = -0.56) was also observed in our previous evaluation of another exotic germplasm, the SP population (Zeng et al., 2007) . High negative correlation between lint percentage and seed weight implies a high compensatory relationship between these two yield components in selection. This has been a hardship in breeders' eff orts for improving lint percentage in the past years. The positive correlation between lint percentage and lint per seed implies that these two yield components can be simultaneously improved. At least, simultaneous selection of lint percentage and lint per seed would not further increase the compensation between lint percentage and ***Signifi cant at P ≤ 0.001. † LP, lint percentage; BW, boll weight; SW, seed weight; LS, lint per seed; EL, elongation; T1, fi ber bundle strength; 50% length, 50% span length; 2.5% length, 2.5% span length; SFCw, short fi ber content; FN, fi neness; MR, maturity ratio.
seed weight since lint per seed was positively correlated with seed weight (r = 0.23). Analysis of genotypic correlation between yield traits and fi ber properties may provide insight into the interrelationships among these traits and identify traits that may be simultaneously improved. Lint yield and lint percentage were unfavorably correlated with most fi ber properties except short fi ber content (Table 6 ). The unfavorable correlations between lint yield and fi ber properties imply compensatory relationships among these traits in selection. However, the existence of exotic genes in the germplasm derived from wide crosses may provide an opportunity to break the negative association during selection. For example, the lint percentage of JC47 was similar to those of FM960B2R and PHY72, while its strength was significantly (P < 0.05) higher than that of FM960B2R and 4% higher than that of PHY72 (Table 4 ). Low but signifi cant (P ≤ 0.05, 0.01, or 0.001) and favorable correlations were observed for lint per seed vs. elongation (r = 0.20), lint per seed vs. 2.5% length (r = 0.38), and lint per seed vs. fi neness (r = -0.23) ( Table 6 ). It would be diffi cult to predict a simultaneous improvement between lint per seed and these fi ber properties because of low correlations. However, the signifi cant favorable correlations at least imply a low or noncompensatory relation between lint per seed and these fi ber properties.
In conclusion, signifi cant genotypic variation was identifi ed for lint yield, yield components, and fi ber properties in JC germplasm. The results indicate that JC germplasm is a useful genetic resource for genetic improvement of yield and fi ber quality in upland cotton. The negative correlations identifi ed between lint yield and fi ber properties imply compensatory relationships for these traits in selection. Explanation of the associations among the traits may not be simple because of confounding eff ects among the traits. However, results of genotypic correlations among lint percentage, lint per seed, seed weight, and fi ber properties imply that lint percentage can be simultaneously improved with lint per seed. Analysis of the interrelationships among fi ber properties also revealed that the negative correlation between short fi ber content and fi neness was superimposed by their relations with maturity. 
